A recent analysis of protein sequences from diverse organisms has estimated that all extant species share a common ancestor that lived only 2 billion years ago; but how can this be squared with the fossil evidence that complex cells existed up to 3.5 billion years ago?
In the early 1970s, the earliest branching point of life was estimated to have occurred 1.3-2.6 billion years ago. Since then, both biologists (studying the diversity of life) and geologists (studying the fossil record and geochemical processes) have estimated the age of the earth at ~4-4.5 billion years, and the beginning of life and its diversification soon after, at anywhere from 3.1-3.9 billion years ago. The use of protein sequence information to date the divergence of organisms has only recently become possible, with the development of molecular techniques that permit protein sequences to be determined from many organisms. In a recent paper, Doolittle and his colleagues [1] report molecular evidence that they use to estimate the date of life's earliest branching point at about 2 billion years ago. That this tool would estimate such a relatively short time period for life was unexpected.
Phylogenetic analysis attempts to reconstruct the historical branching patterns that have led to extant species. A natural part of this effort is the placing of an absolute time estimate on these branch points. But attempts to do this are often confounded by the enormous time periods that separate the major branches of life. Even the time back to the last common ancestor of man and chimpanzeeswhich are close relatives -extends over millions of years. But more generally, our attempts are fundamentally hampered by a lack of understanding of how evolutionary change occurs.
The fossil record is, therefore, still the best method to date divergences between species. But it is very poor beyond 500 million years ago, and many organisms are not easily fossilized. The earliest potential fossils that have been identified as eukaryotic organisms have been dated at less than 2 billion years old. They are thought to be eukaryotic in origin because of their greater size and morphological complexity. Extending further back in time, the stromatolite-like fossils, which have been dated as being from 2-3.5 billion years old, have been attributed to prokaryotic organisms akin to the modern group of cyanobacteria. There are also other microfossils that have been suggested to be as old as 3.5 billion years.
Unlike estimates obtained from the fossil record, branchpoint dates can be determined from a phylogeny only by indirect means. This is done by examining the changes in characters between species. The next step is to use externally determined dates -such as evidence from the fossil record, dates from the formation of geographic barriers, and so forth -to calibrate this rate of change. Once calibrated by a few points, the amount of character divergence can be used to calculate the time since two species last had a common ancestor.
Doolittle et al. [1] have carried out such an estimation on a grand scale. They collected sequences from 57 different enzymes from a variety of organisms that spanned the diversity of eukaryotic, eubacterial and archaebacterial life. For all of these sequences they calculated distances between pairs of species. These distances were then plotted against known times of divergences (an example from their data is given by the middle line in Fig. 1) ; it is Regression analysis of protein sequence distances and divergence dates. The middle line (red) is reproduced from Doolittle et al . [1] and shows the average divergences of archaebacteria and eukaryotes an assumption of the method that these dates are correct. Doolittle et al. [1] used the best available estimates for the divergence times of mammalian orders (100 million years ago (mya)) and eutherian/marsupial animals (130 mya), and several others with the most ancient being the chordate/ echinoderm divergence (560 mya). A regression was calculated for these sequence divergences and dates, and this relationship was then extrapolated much further back in time using the observed divergences between more distantly related organisms.
Using this approach, Doolittle et al. calculated an average sequence divergence between fungi and animals, and placed this onto the predicted regression line. The resulting date suggests that fungi and animals diverged about 965 mya. They similarly suggest that plants and fungi/animals diverged about 1000 mya. Extending this methodology even further back in time, they conclude that the archaebacteria and eukaryotes diverged 1870 million years ago. This is consistent with the archaebacteria being the closest relative of eukaryotes [2] . The earliest branch point for life is then the divergence between the archaebacteria/eukaryotes and the eubacteria -which Doolittle et al. [1] estimate occurred 2156 million years ago.
These dates are generally much more recent than previously expected. Indeed, at the opposite end of the scale, Woese [3] originally suggested that the eukaryotes, archaebacteria and eubacteria might have existed as distinct domains of life very soon after life first arose, possibly 3.5 billion years ago. Doolittle et al. [1] found other surprising results. For example, their analysis places the slime mold Dictyostelium outside of the other protists and closer to the animal lineage. Giardia lamblia, thought to be a primitive eukaryote, is found to be no more divergent than other protists. Also interesting is that the gram-positive, gramnegative and cyanobacteria -which constitute an extremely diverse collection of eubacterial life -are estimated to have diverged from each other only 1450 million years ago.
The interpretation that Doolittle et al. [1] put on their results also appears to challenge the fossil record. Traditional phylogeny and divergence dates are qualitatively in agreement with the fossil record, except for the lack of very old eukaryotic fossils. But this exception is removed by the recent evidence of a chimeric origin for eukaryotes, as if they are chimeric organisms the eukaryotes would not be recognizable in the fossil record until after the event that created the original chimera occurred [4, 5] . If the interpretation of the fossil record is truly incorrect, then we must explain the geologic features that apparently suggest the existence of ancient microfossils, and why life arose so long (1.5 billion years) after the formation of the earth and then rapidly diverged into the major domains of life -eukaryotes, archaebacteria and eubacteria, each of which have left survivors to this day -within the comparatively short time frame of 286 million years.
If the interpretation of the fossils is correct, then life has existed for 3.5 billion years, and if these divergence estimates are correct then we must explain the more ancient evidences of life on this planet. If the first divergence only occurred about 2 billion years ago, then we must assume that only a single lineage has survived past this 2 billion year horizon. And for another 500 million years, only a single eubacterial lineage left descendants. Why were none of the other life forms able to leave living descendants? Some of these ancient fossils, such as the stromatolites, appear to resemble living cyanobacteria. But it is not thought likely -at least, by some -that cyanobacteria are the ancestral form of all eubacteria and archaebacteria, as would be required if the conventional interpretation of the fossil record is to be reconciled with the conclusions of Doolittle et al. [1] . The earliest organisms probably did not have the ability to photosynthesize (a complicated phenomenon), but rather were heterotrophic, scavenging their energy needs.
But are these estimates correct? There are a variety of potential problems with the described methodology (many of which Doolittle et al. [1] attempt to address in their paper). A major problem in this regard is a total lack any statistical validation of the time estimates. This is in part because it is not clear how to obtain statistical validation. The divergence estimates have largely unknown errors -the fossil dates used to calibrate the clock have unknown errors, and the data points themselves are not independent and hence resampling them may not lead to accurate statistical information. There are also problems with choosing a correct scale of measurement for the distances, with sites in a sequence that have different mutabilities, with correcting for sites that are free to change versus those that cannot, and with correcting for 'covarions', sites that cannot change until some other, specific site is changed [6] .
There are also other types of potential problem. One is the consistency of these estimates with estimates that have been obtained from other sequence data. Many of the proteins commonly used to study ancient divergences were not included in Doolittle et al.'s analysis. Two of these are the 70 kDa heat shock proteins (Hsp70s) and the ATPases. The upper line in Figure 1 shows an extrapolation based on Hsp70 sequence. Because of rapid recent change, it suggests that the eukaryote-eubacteria divergence occurred a billion years later than , and yet they seem to demonstrate more than just a problem of variability in this methodology.
As another example, an analysis by Vanfleteren et al. [7] using cytochrome c and globin sequences gave a date suggesting that the nematodes diverged from the rest of the animals 1.04-1.14 billion years ago. But according to the dates estimated by Doolittle et al. [1] , this would be before the divergence of fungi and animals -in fact, it would even predate the divergence of plants and fungi/animals. Clearly there is a problem, but if this is just noise then, at the very least, Vanfleteren et al.'s result would again suggest a particularly rapid divergence of all major types of eukaryotes shortly after the taxa itself was created.
Why might there be such inconsistencies? Doolittle et al.
[1] assume a constant rate of sequence change and approximate uniformity of the replacement process. They attempt to correct for some of these effects and note, for example, that fungi appear to be evolving quickly and hence they branch the fungi from a common ancestor with animals, rather than from a common ancestor of both plants and animals as suggested by their pairwise distances. They also justify the relative constancy of rate in two ways: by observations and by the fact that they are dealing with averages of many values. The authors note that, for many of the divergences measured, the distances to each of the descendants appear to be relatively constant. However, Gillespie [8] has shown that any substitution process will have the appearance of a regular molecular clock if the process has a long scale of divergence with a small rate of change. This also implies that statistical tests of this assumption might have little power.
It is quite plausible (though there is little evidence one way or the other) that the rate of recent sequence evolution in eukaryotes is more rapid than it has been in the past. Indeed the suggestion has been made that rates of evolution might be correlated with ecological complexity [9, 10] . If this were the case, then a branching pattern such as that in the upper diagram of Figure 2 would be observed. Recently diverged species would have large differences between their protein sequences relative to their actual dates of divergence. If this rate is used to extrapolate to more ancient divergences, a relatively recent date would be falsely inferred.
On the other hand, it is possible that eukaryotes have in recent times evolved more slowly than in the more distant past, as in the lower diagram in Figure 2 . In this case, using current rates to calibrate past dates would lead to predicted divergence times that are more ancient than the actual divergence times. We do know that different lineages evolve at different rates. We know that evolutionary rates change over time in different proteins. Hence it would appear not to be possible to extrapolate current rates of change into the past. If some proteins have had periods of rapid change and others have had periods of slow change, can an average based on still other proteins give an accurate measure? It is not known how these differences will affect such grand averages and extrapolations.
Given the assumption that rates can be extrapolated into the past, they must also be extrapolated between taxa.
There have been many studies that have demonstrated rate variation among lineages (reviewed in [11] ). Hence, it is quite feasible that plants have a distinct rate of evolution, that animals have a different and equally distinct rate, and that other groups (and subgroups within these) each have their own rates. Doolittle et al. [1] have averaged many of these rates, but this does not imply that this average rate applies to the ensemble or to the other organisms that existed prior to 500 million years ago, nor to organisms that are physiologically and ecologically quite distinct. Doolittle et al [1] place the divergence between the bacterial species Escherichia coli and Salmonella typhimurium at 100 million years ago, based on the eukaryotic rate of substitution. But it could be substantially Dispatch 681
Figure 2
The upper diagram shows the kind of phylogenetic tree that would be inferred if the rate of sequence evolution is increasing over time. The lower diagram shows the kind of tree that would be inferred if the rate of sequence evolution is decreasing over time.
larger or smaller, depending on their unique rate of evolution. As a lineage, they could be evolving more quickly or more slowly, just as Doolittle et al. [1] note for fungi.
Molecular evolution is advancing at a hectic pace and has uncovered new processes and phenomena. But the molecular data are growing at an even faster pace (as I write this, the project to sequence the complete genome of the budding yeast, Saccharomyces cerevisiae, has been completed [12] ). Certainly these data and analyses such as that of Doolittle et al. [1] will lead to many more questions. Foremost among these should be -is it even possible to date ancient divergences?
